Studies were made on dogs at various times up to one year following the coronary sinus anastomosis of Beck to determine the chronic effects of the operation. The results indicate that the graft perfuses the capillary bed of the occluded circumflex artery for about five weeks after the operation and then loses its functional contact with the capillary bed probably because of obliterative venous changes. However, as a result of an anoxia, there is definite development of intercoronary collateral vessels during the first few weeks, which persist throughout the year even though there is no arterial occlusion. It is concluded that in dogs the Beck operation is protective against the major effects of coronary ligation because of retrograde capillary flow early and intercoronary anastomoses later.
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B
ECK and his associates 1 have attempted to restore coronary circulation by a unique operation designed to reverse the direction of capillary flow. The technic involves a direct anastomosis or venous graft between the aorta and coronary sinus in patients, and the use of a venous graft in dogs. Three weeks later the ostium of the coronary sinus is partially ligated to a diameter of about 3 mm. The two stages will be referred to as the Beck operation. Hahn and Beck 2 reported that three weeks subsequent to the operation on 37 normal dogs the mortality following ligation of the anterior descendens ram us of the left coronary artery was but 11 per cent which contrasted with a mortality of 70 per cent in control dogs. There was also a reduction in the usual size and number of infarcts. More recently Leighninger has ligated the larger circumflex as a test artery and found a mortality rate of 90 per cent in control dogs*, and a mortality of 40 per cent with a decrease in the size of infarcts after the Beck operation. ' 
4'
s demonstrated that elevation of sinus pressure with arterial blood reduced the mortality from 70 per cent in the normal to zero within the first hour following coronary ligation by virtue of retroperfusion of the capillary bed of the occluded artery with a few cubic centimeters of arterial blood from the venous system. Such retrograde flowing blood gave up its oxygen to the myocardium. Such a situation existed up to four weeks following the operation. Hahn, Kim and Beck 6 obtained similar data. Additional study 7 indicated that after five weeks dogs lost the capacity for retroperfusion of the capillary bed of an acutely occluded artery. However, intercoronary collaterals had developed which were the protective mechanism of the Beck operation and these were still present one year later. This present report is o continuation and amplification of previous preliminary reports and includes findings up to one year after the operation.
G ENJS RA L M ETH ODS
At intervals following the Beck operation dogs were anesthetized with sodium pentobarbital and were carried on intermittent positive pressure respiration through an intratracheal tube. The right or left external jugular vein was cannulated to the level of the right auricle for administration of fluids or bleeding. The left chest was entered between the widely spread third and fourth ribs. The graftRICHARD W. ECKSTEIN AND DAVID S. LEIGHXIXGER cumflex artery was freed near its origin. Heparin was given intravenously in doses of about 150 mg. The circumflex artery was ligated centrally and the cannulated peripheral end was perfused with blood from the aorta. Circumflex inflow was metered by a Shipley recording rotameter. 8 Aortic and peripheral coronary pressures were optically recorded. The retrograde volume flow against atmospheric pressure was carefully measured in a graduate. When sufficiently large, the oxygen content was determined by the method of Van Slyke and Neill. Electrocardiograms were recorded from lead aVn. At the end of the experiment, a mixture of barium sulfate and gelatin was injected into the circumflex artery at a pressure of 150 mm. Hg in some cases. The hearts were inspected, weighed, cut by the Sehlessinger method and x-rayed.
Gl

RESULTS
A. Control Dogs. To establish the magnitude and range of normal values, peripheral circumflex flows and pressure were measured in con- changes on prolonged circumflex clamping, and 14 displayed + + + changes. Since the five normal dogs would probably have survived chronic circumflex occlusion they are designated as protected dogs.
X-ray observations of injected right coronary, anterior descendens, or septal arteries showed only one heart in which the collateral channels were large enough for passage of the barium gelatin mixture. The discrepancy between this observation and the retrograde flow and electrocardiographic findings casts doubt on the validity of injection studies as a measure of functional intercoronary collaterals. 
Changes in Peripheral Coronary Pressure
(P.C.P.) Table 3 deals with the peripheral coronary pressures with the graft open and closed during various time intervals subsequent to the operation. The directional changes are similar to the changes in retrograde flow shown before and the conclusions to be drawn are identical.
Source of Retrograde Flow and Peripheral Coronary Pressure
To determine whether the ramus descendens anterior might supply blood to the circumflex artery, the retrograde flows were measured before and after occlusion of the ramus descendens or common left coronary artery. Table 4 gives the results. Occlusion of the descendens produces marked decreases in circumflex retrograde flow (average 79 per cent). Measurements of peripheral circumflex pressure indicated that the major elevations in this pressure were likewise due to connections between the circumflex and anterior descendens artery. On the basis of other observations most of the remaining retrograde flow and P.C.P. after descendens occlusion apparently has its origin in the right coronary. In order to test more critically both the amount of retroperfusion from the graft and the source of the retrograde flow the following experiments were done: The left common coronary was cannulated and both peripheral coronary pressure and retrograde flows were table 5 . Even with flow measurements from the total left coronary no significant retrograde flow was contributed by the graft. In two dogs (R-218 and 219) the cannula was removed from the common left artery and the circumflex artery was cannulated as before. In both retrograde flow and peripheral coronary pressure increased, thereby supporting the belief that the retrograde flows originate chiefly in the anterior descendens artery.
Oxygen Content of the Retrograde Flow
In order to define the exact nature of the vascular connections responsible for the increase in retrograde flow, oxygen contents were determined in simultaneous samples drawn from the aorta and the coronary cannula with the graft open and with the graft clamped. These oxygen differences are plotted in figure 2. The difference was considerable the first few weeks after the operation and compared favorably with the results on acute dogs previously reported. 6 This taken together with the increase in retrograde flow is evidence of retroperfusion of the capillary bed. Between 12 and 26 weeks after the operation the oxygen differences are small, indicating the arterial nature of the retrograde flow. The four dogs studied at the end of one year show rather marked oxygen differences with the graft open, even though the volume of retrograde flow is smaller than with the graft clamped.
The arterial nature of this retrograde flow again demonstrates that the connecting channels are interarterial collaterals.
Further evidence for this conclusion is the fact that barium gelatin injections into the circumflex artery produced visual evidence of small intercoronary anastomosis and x-ray evidence of filling of the right, septal and descendens arteries in five of six injected hearts. This is in striking contrast to the results in normal dogs.
Electrocardiographic Evidence of Protection against Coronary Occlusion and Removal of Collateral Supply
While previous studies indicate that retrograde capillary flow cannot be detected after 5 to 12 weeks, the possibility still remains that retrograde flow and peripheral coronary pressure measurements are not a reliable index of capillary perfusion via the venous system. Indeed, Bailey and his associates 9 have suggested that the drainage from the capillary bed may not be into the occluded artery but rather through the Thebesian system. Such a possibility has been considered from the beginning and has been tested. If there is capillary perfusion from the venous system, the presence of an open graft should provide electrocardiographic evidence of protection against the effects of coronary occlusion or the effects of removing the intercoronary collateral blood by bleeding from the peripheral circumflex artery.
The electrocardiographic changes induced by circumflex occlusion were determined with the graft open and closed. Hearts showing a + or + + change were regarded as protected as described above. Similar measurements were made during back bleeding of the peripheral circumflex. Table 6 shows the number of protected hearts in each of three groups formed on the basis of weeks after the operation. The results indicate that within the first five weeks 6 of the 10 dogs show protection against circumflex occlusion with the graft open or closed; onl,y two hearts required the graft for protection, while three showed best protection with the graft clamped. In the second group (6 to 12 weeks) of nine dogs, six were protected with the graft open or closed, only two required the graft, and one was best protected with the graft closed. In the group from .12 to 52 weeks, five of the seven showed protection with the graft open or closed, none required the graft, and two were best protected with the graft clamped. In a total of 26 Beck operation dogs, 17 showed only minor electrocardiographic changes after arterial ligation.
The number of hearts showing electrocardiographic evidence of protection against back bleeding is shown on the right of table 6. Five of 9 hearts were protected by opening the graft during the first five weeks. In the next group three of nine required the graft for protection. In the last group the open graft added no protection in any heart. This data supports the previous findings on the acute dogs, namely, that the graft does perfuse the capillary bed and that the capacity for such myocardial nourishment exists for be- tween 5 and 12 weeks after the operation; confirms the supposition that retroperfusion is more effective when adequate drainage from the artery is provided, namely, by allowing back bleeding to occur; demonstrates that as previously reported in acute dogs 6 with normal and decreased coronary circulation, the graft may induce electrocardiographic changes generally considered indicative of myoeardial anoxia of some degree even up to one }'ear after the operation; establishes the fact that the capacity of the graft to perfuse the capillary bed is lost between 5 and 12 weeks after the operation, and renders unlikely the concept that the Thebesian system dra ; ns the capillary bed SUP- plied by the perfused coronary venous system. Finally it confirms the concept that the protection induced by the graft is due to development of intercoronary collaterals.
Effect of Graft on Circumflex Inflow
The changes in circumflex inflow induced by opening or clamping the graft with constant aortic or perfusion pressures are listed in table 7. The data show that the open graft reduces coronary inflow by rather small but definite amounts in all but the dog studied after 16 weeks. In addition (values not shown) it was demonstrated that in the Beck operation dogs, with the coronary perfused at a constant pressure, sudden closure of the graft resulted in a definite increase in coronary inflow which then after a brief period returned to values slightly above the flow with the graft open. This was true in the acute experiments previously reported 6 and may be designated as a response to ischemia or anoxia.
Volume of A-V Fistula Flow
Since a definite fistula between the coronary sinus and right auricle exists after the first and second stages, certain measurements concerning the size of the fistula flow were attempted. The results are shown in table 8. The sinus was cannulated and the outflow was measured with lower than normal aortic pressures. The last three measurements were made after death by perfusing the graft with blood at pressures prevailing during life. Although the values vary, the measurements indicate that sizable fistula flows do occur. However, cardiac failure in these dogs was not observed.
PATHOLOGIC STUDIES
All hearts were examined grossly after fixation in Bourn's fluid. In some instances they had been previously injected with India Ink into the coronary sinus or with a barium gelatin mixture into the coronary arteries. All hearts were cut transversely at 4 to 5 mm. intervals from apex to atrioventricular sulcus and the cut surfaces carefully examined. Areas appearing abnormal were taken for microscopic study, and sections were taken at intervals along each descending branch of the coronary arteries, so as to include the associated veins.
Observations. The arteries in Beck operation dogs were normal in all instances. The myocardium showed grossly visible fibrosis in only 1 of 30 hearts, whereas microscopic examination revealed an additional five hearts in which focal fibrosis had occurred. In these instances myocardium had been replaced by connective tissue, indicating slight destruction of muscle which had healed bj r scar. Two of these foci were superficial and might have resulted from operative procedures, but four were deep and are consistent with the focal myocardial infarction ( fig. 3) .
The veins revealed two principle changes: (1) Increased thickness of the adventitia and greater density of the collagen around the veins. This was considered a part of the fibrosis in the epicardium which resulted from the surgical procedure. (2) Proliferation of intimal connective tissue (fig. 4) . However, occasionally the walls of epicardial and myocardial veins were completely replaced by connective tissue, and in some instances had multiple small lumina ( fig. 5 ). Alterations similar to these have been previously reported by McAllister, Leighninger, and Beck 10 and by Hahn and Kim."
A rough quantitative study of these lesions in relation to the increasing time of survival of the animal after the second stage of the operation was attempted.
Certain criteria were used to standardize the observations: (I) Only the epicardial veins were .. .
.. • -•'W
Fio. 5. Photomicrograph illustrating extensive fibrosis and multiple lumina occasionally found in epicardial veins. (X100) counted, owing to the difficulty of accurately identifying and counting the small myocardial veins and the infrequency of changes in these small vessels. (2) Only those veins having intimal fibrosis were listed as being altered. (3) All questionable lesions were counted as normal. Using these criteria, the percentage of those that were sclerotic was calculated.
The results in relation to the time of survival of the animals after the second stage of the operation are presented in table 9. Two dogs are not included since each constituted the only observation made at four and six months. The four month clog had 13 per cent and the six month dog 10 per cent incidence of venous lesions. It appears that there is a prominent increase of lesions from 3 to 10 per cent to 25 to 30 per cent at about the sixth week. Neither before nor after this time is the change in incidence of great degree.
Heart Weights. The heart weight/dog weight ratios in the control dogs and the Beck operated dogs were handled statistically. Two answers were sought, namely: (1) Are the hearts of the Beck clogs heavier as a group? (2) Does the weight increase in relation to the time following the operation? Figure 6 provides the answer to the first question. Dog weights are plotted against heart weights. Regression lines are fitted by the method of least squares. The relationship of heart weight to dog weight for the Beck operated dogs is expressed by: heart weight in grams = 56.85 + (.00769) (dog weight, grams). For the control dogs there is a significantly different relationship expressed by: heart weight (grams) = 23.27 + (.00724) (dog weight in grams). Therefore the hearts of the Beck operated dogs are significantly heavier than the hearts of the control dogs. Figure 7 provides the answer to the second question. The individual heart weights of Beck operated dogs are plotted on a time scale as deviations from the expected heart weights. The sloping line expresses approximately the trend of the deviations with time following the operation.* Therefore the hearts of the Beck * Actually a plane of the form, heart weight in grams = 38.23 + (.00816) (dog weight in grains) + (.8403) (time in weeks) expresses a satisfactory relationship where .8403 is significantly different from 0(P < .01). 
DISCUSSION
The evidence presented adequately explains the reduction in mortality and diminution in size and number of infarcts in dogs following major coronary artery ligation subsequent to the Beck operation.
1 ' 2i I0 Three weeks after the second stage the dogs were protected for two reasons: (1) There was retrograde capillary flow into the occluded artery due to increased sinus pressure, and (2) there was already sizable intercoronary collateral development to supply arterial blood beyond the ligature. A study of the electrocardiographic evidence of protection indicates that although a few dogs were protected best with an open graft, an equal number were protected best with an occluded graft. This was experimentally tested by Leighninger who found 46 and 53 per cent mortality rates respectively in the two groups. The evidence does not support the original concepts that the capillary bed is perfused permanently from the venous system but establishes the fact that the capillary bed is supplied through intercoronary collateral vessels after the first few weeks.
Severe electrocardiographic changes are induced by ligation of the circumflex artery in 74 per cent of normal dogs. This compares favorably with the usual mortality rate which is from 80 to 90 per cent. In contrast, circumflex artery ligation subsequent to the Beck operation is attended by severe electrocardiographic changes in but 35 per cent of the dogs with a mortality rate of about 50 per cent. As in the acute experiments, significant protection against the effects of major coronary occlusion can be obtained with a relatively small blood supply to the ischemic area; perhaps a few cubic centimeters of blood suffices to prevent ventricular fibrillation and to reduce the degree of infarction.
The failure of the venous system to supply the capillary bed after a few weeks is presumably due to the obliterative process demonstrated microscopically in the veins. This explanation is supported by our failure to produce capillary filling in the chronic animals after the Beck operation by injections of India Ink into the venous system. The difference in this respect between the grafted and normal hearts is indeed striking.
The mechanism of intercoronary collateral development is at present theoretic. The only explanation for the development of collaterals which has been previously suggested is that pressure differences are necessary. That did not apply to these hearts. The suggestion must therefore be considered that anoxia may stimulate the development of anastomoses. That myocardial anoxia is the important factor is suggested by (1) the demonstration of myocardial anoxia due to acute elevations of sinus pressure, (2) similar findings with an open graft during the first few weeks after the Beck operation, (3) Zoll's 12 ' 13 studies on the effects of anemia in pig and human hearts, and (4) unpublished observations following anemia in dogs in our laboratory. That myocardial anoxia may play the leading role is suggested again by the pathologic findings of myocardial fibrosis in a few of the grafted hearts. Indeed, if the newer belief can be firmly established then collateral growth becomes a metabolic rather than a mechanical problem.
Current methods of expressing the degree of collateral development adequately are not wholly satisfactory and need further work. The present calculations of retrograde flow per 100 Gm. of total heart per minute is not ideal. However, this method was required here, since the weight of the area perfused by the circumflex artery was not available. On the basis of our usual concepts of blood flow per unit of perfused tissue, it is believed that the expression of retrograde flow per 100 Gm. of area perfused by the circumflex artery accurately expresses the functional significance of collateral circulation and results in superior correlation with electrocardiographic changes.
The cause of the reduction in retrograde now and peripheral coronary pressure with the graft open, seen later than five weeks following the operation, remains obscure. It is not due to changes in aortic pressure. On the theoretic grounds, it is more likely that distension of venous channels produces compression of inter-71 coronary collaterals, thereby reducing the lumen and degree of function.
The reason for the venous character of the coronary blood seen in the four dogs one year after the operation with the graft open is likewise unknown. This occurs with lower back flows and without increased electrocardiographic evidence of protection. It is possible that increased intramyocardial pressure resulting from venous distension restricts venous drainage pathways and directs venous blood through a path of least resistance, namely, the peripheral coronary artery open to atmospheric pressure.
The progressive increase in heart weights with time can be explained by the increase in blood volume and cardiac output resulting from from the A-V fistula.
The application of data on dogs with normal coronary arteries to human beings with occlusive coronary disease requires reserve and caution. The Beck operation unquestionably protects the majority of dogs with normal coronary arteries from the major effects of a first coronary occlusion because arterial blood from intercoronary collateral vessels is supplied beyond the ligature into an occluded artery. However, coronary occlusive processes in dogs and man themselves result in interarterial coronary anastomosis. Indeed, Mautz 14 and Gregg 15 showed retrograde flows of as much as 80 cc. per minute following chronic coronary occlusion in dogs, while Blumgart 18 through injection studies on human hearts reported interarterial anastomosis in 98 per cent of hearts whose vessels were occluded. Zoll 14 has found interarterial coronary anastomosis in 58 per cent of human hearts with marked coronary narrowing, 74 per cent of human hearts with recent coronary artery occlusions, and in 100 per cent of human hearts with old occlusions only. It is likely then that the human being who is chronically disabled following myocardial infarction has not a deficiency in collateral development but rather a lack of adequate collateral perfusion due to disease in the remaining coronary arteries. Further physiologic and pathologic studies on patients or on dogs with inadequate coronary circulation may be required to determine all the mechanisms by which the Beck operation apparently produces favorable effects in pathologic human hearts. SUMMARY 1. The operation of Beck (aorta to coronary sinus anastomosis) has been performed on 28 dogs. The following analyses have been made at intervals up to one year after the operation.
2. Data has been collected concerning the amount, source and oxygen content of the circumflex retrograde flow, the magnitude of peripheral circumflex pressure, and the degree of electrocardiographic protection against coronary occlusion and back bleeding with graft functioning and clamped. The amount of A-V fistula flow has been measured as well as its effect on heart weight. Pathologic changes in vessels and myocardium are described.
3. The studies show that the graft in the dog with normal coronary arteries is capable of retroperfusion of the capillary bed of the left ventricle for about 5 weeks after which time, presumably due to an occlusive process of the veins, it loses its functional contact with the capillary bed.
4. Retrograde flows and electrocardiographic evidence show that, after five weeks, significant protection against coronary occlusion continues and is produced by the function of intercoronary collaterals which develop largely during the first few weeks following the operation.
5. The A-V fistula flow ranged from 400 to 1500 cc. per minute with an increase in heart weight in proportion to time subsequent to the operation.
6. The value of a few cubic centimeters of blood per minute beyond the point of a coronary arterial occlusion in affording protection to the myocardium is emphasized.
7. The possible cause of collateral development is discussed and the reserve and caution that must be exercised in application of these findings to human beings is cited.
